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Standard Model = effective theory
Supersymmetry = interesting alternative BSM

If SUSY exists, many of its most important motivations
demand some SUSY particles at the TeV range or below

solve the hierarchy problem

generate EWSB by quantum corrections

Allow for gauge coupling unification at a scale =10'°GeV
iInduce a large top quark mass from Yukawa coupling evolution.
provide a good dark matter candidate: the lightest neutralino
provide a possible solution to baryogenesis

Minimal model: 2 Higgs SU(2) doublets 5 physical states:
2 CP-even h,H with mixing angle &
1CP-odd A and a charged pair

* Higgs Physics: important tool in understanding Supersymmetry



MSSM Higgs sector at 1ree-Level

Hi, Hy doublets = 2 CP-even Higgs h, H 1 CP-odd state A 2 charged Higps H*

Higgs masses and couplings given in terms of two parameters:
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Radiative corrections to Higgs Masses

After quantum corrections, Higgs mass shifted due to incomplete
cancellation of particles and superparticles in the loops

Main effects: top and stop loops; bottom and sbottom loops for large tanb
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MSSM Higgs Masses as a function of M,
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always one CP-even Higgs with SM-like couplings to W.,Z

and mass below m%* <135 GeV

Mild variation of the charged Higgs with SUSY spectrum

LEP MSSM HIGGS limits:
m, >91.0GeV; m, >91.9GeV; m, . >78.60GeV

mM " > 114 .6GeV




Radiative Corrections to Higgs Couplings

1 | Through rad. correc. to the CP-even Higgs mass matrix, d.M Ej, which defines the
mixing angle o

sino cosa = M3, / V/(Tr.;"vtzjz — 4 det M2
important effects of rad. correc. on sina or cosa depending on sign of u A and
magnitude of A /Mg,
— govern couplings of Higgs to fermions
— via rad. correc. to cos(® — «) and sin{8 — o) governs Higgs couplings to vector bosons

2 | SUSY wvertex correc. to Yukawa couplings, which modify the effective Lagrangian,

coupling Higgs to fermions :
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More generally we can write the Effective Lagrangian:

The resulting interaction Lagrangian defining the couplings of the physical Higgs
bosons to third generation fermions:

Ling = - Z |94qgh9T + 9r0aH 9T — i9445AT 15| + [Bgg—5tH ™ + b .
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Similarly, g g4y +- - replacing mg — mr, Ay — A

and G(h/H/A) replacing my — myg, Ay — Ay, tan 5, tana — 1/ tan(3), 1/ tan(o)
(no tan 8 enhancement in A Ar <€ Ap)

For the charged Higgs one has important radiative corrections for large tanb
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also Amr corrections in gg— ., may be included.



Important modifications of coupling due to radiative
corrections: depending on MSSM parameter space

— dep. on sign and values of pA;, pAy, pM3 and magnitudes of Mz /Mg, pu/Mgz

o destroy the basic relation: g, 45 /gp r+ ~ mp/myr

e strong suppression of coupling of b (H) to bottoms if

tana =~ Ay /tan 3 ((tan o)1 ~ —Ay/tan 8)
Orps =0 3 Ohrr = —TEA (h — H)

— main i|t'|'-ll"-' modes of SM-like MSSM “i,’-':,’-':i": bb ~ 80% TTTT ~ T — 84
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« strong suppresion/enhancement of the charged Higgs coupling to top-bottom

depending on sign of A, = %tang, =» sign of mu for positive gluino mass

b

 Similar behaviour for the CP-odd higgs b-b coupling



Renormalization Group Effects

tanb enhanced correc. to h, are not the only universal ones
Standard QCD corrections to transitions involving t b H*
Yukawa interactions=>» log(Q/m,)

-- Summation to all orders in leading logs a”log"(Q/m,) done
evaluating running h,(Q) «=p M (Q)

-- Full one-loop QCD correc. to decay rates require summation
of NLO logs &' log"(Q/m,) due to non-log «, terms

To consider both effects: using OPE + RG evolution in MS

N _ _I’I_”lb(Q:mb)
h, (@ =m,) = v 1+Amb(Q:MSUSY)tan'B

with Q the caracteristic scale of the process



Quantum Corrections to F(t — bH*)

» leading and subleading log(Q/mb) resummed using mb running in T
* One-loop finite QCD terms also included
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Charged Higgs Searches at theTevatron

(@ Runl example soon to be improved: Eusebi et al. (CDF) in prep.)
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Similar analysis for pp — H™th+ X at LHC for large tan 3
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Discovery reach at the LHC
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Discovery reach at LHC with 300 fb~! and tan 8 > 30

¢ best case scenario: my+ < 1 TeV
e Worst case scenario: Mg+ < 450 GeV

Belyaev, Garcia, Gausch, Sola



Tau Polarization & Charged Higgs Measurements

In the range m,. <m, = BRH" - v/t V) =~1
it seems difficult to identify H* — 7v decays from W* — 7v
Crucial Observation:
W 7V, W' >1v,)
Due to the lefthandness of the charged current: L o<W e, Y Vv, +h.c.
whereas
=» a consequence of the helicity-flip

(conserving) of the SM Higgs
(vector boson) couplings

H >z, v, MH —>7/v,)

Hence:PTH =41 PTW g | By convention: P, =P_ =-P,
l G + - G +
. . . . P = TR 29
This holds in general in models with ATy

v, and V, only



The decay dlstrlbutnons of the T are sufficiently different
from those of T

Considering the main contributions to one-prong hadronic

tau decays: V. (125%):

T %,OiVT %ﬂ'iﬂ'ovf (24%) T %alv %ﬂiﬂoﬂovf (7.5%)

The dependence of the tau polarization of the angular
distributions of the primary decay modes in the tau rest frame
Lodl, _ 12(1+PT cos6)
I, dcos® all three channels

1 dI' > /2 |
dl’, _ m/ (1+P. cosd) have an important

I, dcosé mf +2mV2 dependence on P,
1 dI; mV2

I dcosH m’ _|_2m (I_Pf COS@) For this study | will
vT

+ +
only use 7 =TV,



In the colinear limit E_/m_>>1
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W~ — 1, = h are significantly “ME ,,:f’;\?t NE
different from H™ — 7, —»h’ 0 el b s
:I [ | Tl { | [ L | b I:

decays e bl A
Rdz g f_ m\&e p}// E

Most energetic particles from 7, £ h e

. o Tr el L

decays = transv. polarized p,q E = -
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Energetic pions favour charged Higgs over W's



Charged Higgs searches at the ILC:
the impact of tau Polarization

We consider e'e > tt > WbH' b

> with W — 2jets Js =500GeV  and 500 fb”
= and H" —»7'v
Main background: both tops decay into Wo and W' — v
Simulations done with CompHEP, including ISR and

beamstrahlung with polarized 7

Polarized 7 decays with TAUOLA, using new CompHEP-
TAUOLA interfase  (E. Boos et al.)

All other stages done with CompHEP-Pythia interface

Energy distributions are given in the reconstracted
top rest frame using the recoil mass technique




In the top rest frame: B
t—>bR —>brv, 5bv Iy

where the resonance R is ether the W boson or the charged Higgs
1 dI', 1

= X
1_‘R dyft ('xmax o 'xmin )

e . 1 1 |
(=P )log Zms 4 2p - - ,if 0<y, <x,
xmin xmin xmax
<
x .
(1-P,)log —= +2PT[1— Y j, if x . <y,
L yﬂ' xmax
where:
top min max ‘ M2 m
y” = Eﬂ' ; xmin — Ez' : xmax _ Ez- , Ezr_mn — R , Ezr_nax — top
meP mtop mtop 2mtop 2

W q M. Nojiri: Boos, Martyn,Moortgat-Pick,
Recall: P =—-1 and P, =1 Sachwitz, Sherstnev and Zerwas
for stau pair production: (R equiv. stau)



U -meson energy spectrum in the top rest frame
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Two MSSM benchmark
MSSM scenarios:
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a) 1L =500Gev

= BR(t—>H"b)=10%
b) £ =-500Gev

= BR(t—>H'b)=24%



Performing a fit to the simulated
signal + background
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one can determine the value of ~ xl =m?. /2m_

min

In particular we obtain: a) m . = (129.4+0.9) GeV
(no systematics/detector effects) b) mH¢ — (1 29.7% 0-5) GeV



CPsuper

Code to compute Higgs spectrum, couplings and decay modes in the
presence of CP-violation

Lee, Pilaftsis, M.C., Choi, Drees,Ellis, Lee,Wagner.’03

CP-conserving case: Set phases to zero. Similar to HDECAY, but with
the advantage that charged and neutral sector treated with same rate
of accuracy.

Combines calculation of masses and mixings by M.C., Ellis, Pilaftsis,
Wagner. with analysis of decays by Choi, Drees, Hagiwara, Lee and Song.

Available at

http://theory.ph.man.ac.uk/~jslee/CPsuperH.html



Conclusions

Low energy supersymmetry has an important impact on Higgs physics.

It leads to definite predictions to the Higgs boson couplings to fermions and
gauge bosons.

Such couplings, however, are affected by radiative corrections induced by
supersymmetric particle loops. It affects the searches for Higgs bosons at
hadron and lepton colliders in an important way.

Tau Lepton polarization is a powerful discriminative characteristic to
separate charged Higgs signal

—>two representative scenarios with tH+b suppressed/enhanced
couplings shown for ILC.
Fit to pion spectra from polarized tau decays allows to extract light charged
Higgs masses with om . =0.5——1GeV (theoretical study, but only
P_from T° = 7V, used)









Variation of BR(H+—>tb) depending on parameter space
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LHC Prospects for MSSM Higgs Discovery:

MHMAX scenario
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| e in a large area of MSSM parameter space
3 ;_,; m, =179.3GeV | * Decay of h in different modes for one
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L= lillﬂ \ 51]] 600 T0O 200 900 1000
M. Schumacher M, (GeV)

VBEwith h, H > WW., oz, 7y, 88 — @° — ¥y, i, 7t, WW , ZZ
#°tt(bb ) with @° —,bb, yy(uu,77);  gb(1r) — tH* (— tv(th))
gg —> HIA > 1ttt ,H — hh — ybb,A — Zh — lIbb



MHMAZX scenario

excluded by LEP (prel.)
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CP Violation in the MSSM

In low energy SUSY, there are exira CP-violating phases beyond the CKM
ones, associated with complex SUSY breaking parameters

One of the most important consequences of CP-violation is its possible impact
on the explanation of the matter-antimatter asymmetry.

Electroweak baryogenesis may be realized even in the simplest SUSY extension of
the SM, but demands new sources of CP-violation associated with the third generation
sector and/or the gaugino-Higgsino sector.

These CP-violating phases may induce effects on observables such as new
contributions to the e.d.m. of the electron and the neutron.

However, effects on observables are small in large regions of parameter space

In the Higgs sector at tree-level, all CP-violating phases, if present, may be
absorved into a redefinition of the fields.

CP-violation in the Higgs sector appears at the loop-level,
associated with third generation scalars and/or the gaugino/Higgsino sector,
but can still have important consequences for Higgs physics



Higgs Potential =& Quantum Corrections

Minimization should be performed with respect to real and imaginary parts of Higps
Auctuations H1D = g + iA4 HE = fp + £An

Parforming a rotation: Ay, A9 =— A, GV (Goldstona)

Main effect of CP-Violation is the mixing { Hy
of the three neutral Higgs bosons oy =o' Hy
o H
In the base (4. ¢1,¢2): 2 3
[ 2 2 \T M2 is similar to the mass matrix in
, |my (Mg) = i
MN — 5 , the CP conserving case, and
Mg, Mgy | M7Z is the mass of the would-be CP-odd Higes.
M;P gives the mixing between would-be CP-odd i
. 1,82,51,87
and CP-even sates, predominantly governed by stop T be . b
induced loop effects ) a ¢ e
, m, HA,
Mg 16 72 v2 | M2 -
TV S t1,12,13, 5

Gluino phase relevant at two-loop level. Guagino effects may be enhanced for large tan beta



Interaction Lagrangian of W.Z bosons with mixtures
of CP even and CP odd Higqgs bosons

|
cos 30 +sin 3 Ogy

JH,VV =
gH,H,Z = Oz: (cos B Oa; —sin B O15) — Oz5 (cos B Oq; —sin 8 O14)
qu_H_W'I' — COB .5 ﬂzi — Eiﬂ.5 Ilr:::l:l.'li- + 'E:E:’E-a'. ” r ]-:I- Elll

(43 — analogous to sin(# — &) & cos(F — =)

- All couplings as a function of two:  8n,vv = €ix 8unz

: 3 2 _ 3 2 2 _ o2max - 4. r
and sum rules: Zi:l Of,7z2 = 1 Z-a.:l Of,zz Mr, = Mg, %= 135 GeV

(equiv. to CP-conserv. case)
upper bound remains the same

- Effective mixing between the lightest Higgs and the heavy ones is zero
= H, is SM-like
« Mixing in the heavy sector still relevant !
2
A
.| ™a w/ A~ O(A") & m3
A A+ mi



Yukawa Couplings: CP violating vertex effects
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*The one loop effects to the Yukawa couplings introduce CP-violating
effects which are independent of the Higgs mixing

, HuwTrip
the phase of the superfield hy = — - ; ; :
bg is real and positive: v 2Myyrcos 3 [l + Jhb; hy + lfi\.hb; hb] tanﬁ]



Higgs boson-quark Lagrangian

taking into account both CP-violating self-energy and vertex effects
(similar vertex effects in the up quark sector, but no tan  enhancement)

Hi :_ZH [(gwmy /2My, )d (ngd +ngd 7s)d

+ (ngu /ZMW) u (gHiuu +gHiuu 7/5) u]
with:

g = : {Re(h, +h,) il +Re(Ah,) Oy
= h, +0h,+Ah tan S cos 3 cos

_ [Im(hb +0h,) tan S —Im(Ah, )]0i3}

1
P _
Sh h, + Oh, + Ah, tan ,6’

{[Re(Ah,) —Re(h, + h,) tan B0,

—Im(h, + éhb)

J

—Im(Ah, )
COS ,6’ COS ,6’




Present Tevatron reach in the
CP conserving MSSM Higgs sector
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With about 5 fb-1 one can expect to test the regime with:

tan f =10 andm, =100 GeV ———tan =50 and m, =250 GeV



main effects alreadyv present in one-loop formulae
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Radiative corrections to Higgs Masses

important quantum correc. due to loops of particles and their superpartners:

incomplete cancellation due to SUSY breaking = main effects: top and stop loops;
bottom and sbottom loops in large tan 3 regime
The stop mass matrix:

M% +m2 4+ Dg MeXNe Dy = [% — %sinl2 6w )M2 cos23 and
meXs Mgr +m? + Dp Dgr= %sin2 Bw M2 cos 283
2 g2 my X2 X2
2 _ 2 2 27 2 2 L3 : 13
LIS —IL‘IECGS Eﬂ—l—m llﬂ(ﬂfjslfmfj+F§ (J.— m + h.o.

ME = %{mt?-l + m%ﬂ} and Xy = Ay — pu/tan 8 — stop mixing

e two-loop log. and non-log.effects are numerically important — computed by
different methods:
= diagrammatic == effective potential == HG-improved effective potential

e upper limit on Higgs mass: Msg=1—2TeV = Amp ~2 -5 CeV
mp 5 135 GeV Amy=1GeV = Amp ~ 1 GeV




Supersymmetric relations between couplings imply 771, < 11,

After quantum corrections, Higgs mass shifted due to incomplete
cancellation of particles and superparticles in the loops

G N

= RP
Main Quantum effects: m t4 enhancement ; dependence on the stop
mixing Y o logarithmic sensitivity to the stop mass (averaged: M G )

Upper bound : oy A0S, Tlagnen MO, FebH
m, < 135GeV |
stringent test of the MSSM

LEP MSSM_ HIGGS limits:
m, >91.0GeV;m, >91.9GeV _
m, . >78.6GeV e

= —200 GeV¥ N
SM —like

mM S 114.6GeV 0 ¢ L.

g 10 mh a0
tan &

M, = 17T5+% GeV
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